antibody or DNA, that selectively binds to an analyte to form a complex. A signal transducer determines the extent of the binding reaction and outputs this information to the end user. The interest in such devices is great, because the vast majority of analytes in disease diagnosis can be best detected using an affinity reaction. Furthermore, the specificity and high affinity of antibodies for their target species potentially allows biosensors to perform analyses at low concentrations of analyte in complex samples.
There are two major thrust areas in designing nanoscale affinity biosensors. The first is to reduce the detection limit and the second is the ability to detect a number of analytes in the same sample, which is known as multiplexing. Multiplexing is important because reliable diagnosis of disease often requires identification of the levels of a number of molecular markers. 4 The barrier to reducing detection limits is the thermodynamics of the affinity reaction. Typically, dissociation constants (K d ) for antibody-antigen reactions are in the order of 10 8 -10 12 M, with the K d for the known strongest bioaffinity reaction between biotin and streptavidin being 10 15 M. 5 With conventional transduction techniques, the detection limits are therefore in the range of 10 9 -10 14 M. In nanobiosensors, lower detection limits are achieved by utilizing nanomaterials such as nanoparticles, nanotubes, nanowires, nanomembranes, or nanotextured surfaces. 6 The drawback of amplification techniques is that they typically require labeling and sample manipulation steps, which restrict these technologies to the hands of experienced operators and preclude real-time analysis. Highly sensitive, label-free transduction of biorecognition reactions has been achieved with cantilevers 7 and field-effect transistor configurations. 8, 9 Definition of a nanobiosensor Nanobiosensors are devices that measure a biochemical or biological event using any electronic, optical, or magnetic technology through a compact probe. [6] [7] [8] [9] Current advances in nanotechnology and advanced fabrication technology in electronics intersect towards creating a new set of biosensors called nanobiosensors and have ushered in a new era of bionanotechnology for disease diagnosis.
Need for real-time measurements in disease diagnosis
Monitoring human health for early detection of disease conditions or health disorders is vital for maintaining a healthy life. Many biomolecules help determine the physiological state of a disease condition. [10] [11] [12] These biomolecules are typically called biomarkers for diagnosing disease. In addition, analysis of food and the environment for perturbants such as pesticides and river water contaminants with harmful biomolecules have also become invaluable agents for health diagnosis. Thus, there is an ongoing need for rapid analysis, active continuous time monitoring systems with substantial accuracy for detecting biomolecules. A "real-time" biosensor that detects the analytes of interest in a near continuous time manner plays an important role in accomplishing effective data generation and data processing, supporting real-time decision-making and rapid manipulation. 13, 14 In order to accomplish these multiple requirements from multiple environments, one of the standard approaches adopted has been to develop hybrid biochemical analysis systems. These multiscale biosensors are versatile because they can monitor specific analytes from a wide range of environments at ultralow concentrations. They comprise a combination of nanomaterials integrated with microfluidic capabilities. This approach is similar to that followed by the semiconductor industry in integrated circuits. Microfluidic research involves the study of several fluid manipulation, detection, and separation techniques. Often these different components are integrated with essential electronics to develop a complete "on-chip" analysis system. Well established fabrication techniques are adapted from the semiconductor industry, such as micromachining, injection and replica molding, soft lithography, wet etching, and photolithography. These techniques enable miniaturization of fluid handling systems to palm-held "micro-total analysis systems" or "lab on a chip" devices which can perform the myriad of diagnostics and analysis tasks associated with a standard clinical laboratory assay. Hence, a lot of the current research in this area focuses on the integration of these complex requirements of real-time measurements with on-chip detection capabilities to build multifunctional nanobiosensors. 15 The following section explains the basic concepts of nanobiosensors.
Basic concept of nanobiosensors
A nanobiosensor is a means of detecting biological agents such as antibodies, nucleic acids, pathogens, and metabolites. The working principle consists of binding bioanalytes of interest onto bioreceptors, which in turn modulate the physiochemical signal associated with the binding. Later, a transducer captures and converts the physiochemical signal into an electrical signal. The variation in signal such as electric potential, current, conductance, impedance, intensity and phase of electromagnetic radiation, mass, temperature, and viscosity is monitored. Analysis of the variation in one or 
Existing biomolecule transduction methodologies
Biomolecule transduction can be broadly divided into two classes, ie, label-based and label-free detection.
Label-based detection
Most label-based detection technologies are based on immunoassays. These immunoassays are based on antigen-antibody reactions. Current immunoassays use enzyme-linked immunosorbent assay (ELISA) tests to detect the amount of protein present in blood. ELISA uses a biochemical technique to detect the presence of an antibody or antigen present in the sample. ELISA has been the standard diagnostic tool for the last 30 years. It is a very sensitive technique with low detection limits, but there are a few downsides to this technology. ELISA uses fluorophore-tagged linker molecules to improve detection, and these fluorophores might denature the proteins. Fluorescence detection techniques are based on fluorescent markers that emit light at specific wavelengths and the presence and the enhancement or reduction, as in fluorescence resonance energy transfer, the optical signal determines if the binding reaction has taken place. 17 There are multiple wash steps, which increases the time involved. ELISA is a laboratory-based technique that needs trained professional technicians to run the tests and this leads to long delays. These drawbacks make ELISA unsuitable for rapid pointof-care biosensing applications.
Label-free detection methods
Rapid point-of-care diagnostics have been developed with the help of advances in microfabrication and nanotechnology. The following are a list of techniques that enable label-free detection of biomolecules. Figure 1 
Electrochemical and electrical detection
Electrical biosensors hold the greatest promise for applications where minimizing size with ease of use and cost are crucial, such as point-of-care diagnostics or patient care at the bedside. These biosensors primarily base measurement of the binding event on change in currents and/or voltages. Biosensors using electrochemical methods can be further classified according to how the electrical measurement is made, which includes voltammetric, amperometric/ coulometric, and impedance measurements. 18 Electrical biosensors border very closely with the electroanalytical techniques that have been developed in the field of chemistry. Figure 2 shows the charge distribution that occurs at the surface of the biosensor, which enables electrical measurements.
Optical detection
Chemiluminescence is the generation of energy in the form of light when a chemical reaction takes place. In synthetic compounds, such chemiluminescence takes place when a highly oxidized species such as peroxide emits energy during a chemical reaction. When some synthetic compounds are added to a biomolecule to form a conjugate, energy is released in the form of light, which could be used as a detection technique. Bioluminescence is another type of luminescent technique that has been reported using firefly luciferase/luciferin as the synthetic compound. 19 SPR is a technique that measures surface activity. In this technique, a longitudinal wave of a certain charge density is propagated along the surface of the metal and the dielectric interface. 20 Due to the total internal reflection of light against materials such as gold or silver, the evanescent wave or field created at the surface penetrates the interface into the dense medium (metal); this evanescent light is able to couple with free electrons known as plasmons on the surface, and this creates a resonance wave, which is recorded. Hence, if there is any biomolecule layer located on the surface of the metal, an SPR adsorption profile is obtained, and due to the properties of biomolecules, each SPR spectrum is different. The angle of the SPR is the factor that changes with each molecule. Use of metal nanoparticles instead of thin films produces significant amplification of the SPR signal, thus enabling ultrasensitive detection. SPR has already been commercialized, but the biosensors using this technique are yet to come. The issue with SPR-based biodetection systems is specificity and its very low signal-to-noise ratio. 
Mass-based detection
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Nanobiosensors for diagnosis of disease cantilever sensors. The cantilever is excited mechanically to resonate at its resonant frequency, and then the resonant frequency is compared to the one with biomolecules bound to the surface of the cantilever, and the shift in resonant frequency determines the mass change on the surface. The advantage of using cantilever sensors is the ability to detect interacting compounds without attaching labels to the biomolecules. The biggest drawback is the complexity of the device and also the complexity of the detection mechanism. These problems, coupled with the ultrahigh sensitivity to temperature and ambient conditions, prevent this very accurate measurement technique from being popular for portable devices.
Nanomaterials for biosensing
In a biosensor, the sensing element that responds to the substance being measured is biological in nature. It has to be connected to a transducer of some sort, such that a visually observable signal can be recorded. At present, transducers that can be incorporated into the sensors are nanomaterials. The widespread interest in nanomaterials is driven by their many desirable properties; in particular, the ability to tailor the size and structure and hence the properties of nanomaterials offers excellent prospects for designing novel sensing systems and enhancing the performance of the biosensor.
21,22
Nanoparticles
Conventional (optical) sandwich bioaffinity assays have the disadvantage of capturing only a small number of labels per binding event. Nanoparticles can be custom-made for specific bioassays, and because of their small size, their properties are strongly influenced by the binding of target biomolecules. 23 Using nanoparticles significantly enhances the signal from the assays. The driving force behind the use of nanoparticle-quantifying tags in optical bioassays has been addressing the limitations of organic fluorophores. Mirkin's group demonstrated that aggregation of gold nanoparticles induced by DNA hybridization leads to materials with remarkable optical properties. 24 High fluorescence intensity of semiconductor quantum dots can also lead to remarkably sensitive bioassays. Hahn et al reported highly sensitive detection of the single bacterial pathogen Escherichia coli 0157 using CdSE/AnS core-shell quantum dots conjugated to streptavidin.
25
Nanowires
Nanowires offer the best chance of creating robust, sensitive, and selective electrical detectors of biological binding events.
Current flow in any one-dimensional system is extremely sensitive to minor perturbations, and in nanowires the current flows extremely close to the surface. 26, 27 Biological macromolecules are the same size as the diameter of these nanowires. The combination of the tunable conducting properties of semiconducting nanowires and the ability to bind analytes on their surface yields a direct, label-free electrical readout. 28 These sensors work on the principle of ion-selective field effect transistors and rely on the interaction of external charges with carriers in the nearby semiconductor, which results in enhanced sensitivity at low ionic strength.
Carbon nanotubes
Carbon nanotubes are particularly exciting one-dimensional nanomaterials that have attracted considerable interest owing to their unique structure-dependent electronic and mechanical properties. Because of their high surface-to-volume ratio and novel electron transport properties, the electronic conductance of these nanostructures is strongly influenced by minor surface perturbations, such as those associated with binding of macromolecules. Such one-dimensional materials thus offer the prospect of rapid (real-time) and sensitive label-free bioelectronic detection, and massive redundancy in nanosensor arrays.
29
Nanomembranes
Membranes of various pore size, length, morphology, and density have been synthesized from diverse materials for size exclusion-based separation. 30, 31 Specific bioagent immobilization and detection remains a great technical challenge in many bioanalytical assays. To achieve this, materials with controllable pore diameter, length, and surface chemistry are needed. Selective capture requires two steps, ie, collection and immobilization. Membranes are well suited for this because of their enhanced surface interactions with the liquid being analyzed.
The overall sensitivity of any sensor depends on signal transduction and the mass transport effect. Miniaturization of a sensor increases the signal-to-noise ratio, an inherent advantage for signal transduction. It has been reported that mass transport of analytical solution through the sensor surface plays an important role in determining sensitivity. 32 The detection limit for bioassays depends on the amount of biomolecular interaction with the sensor surface. Whitman's group at the Naval Research Laboratory, Washington, DC, reported that femtomolar detection limits for bioassays are likely. 32 They predicted that the limit of detection would be due to limitations in analyte transport not limitations 
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Prasad in signal transduction, and without directed transport of biomolecules, individual nanoscale sensors will be limited to picomolar-order sensitivity for practical time scales. Total flux to the sensor was studied as a function of sensor geometry and volumetric flow. Enhancing mass transport by conventional methods of decreasing height decreased the volumetric flow rate, which in turn decreased the total flux of the sensor. On the other hand, injecting the analyte directly into the sensor rather than merely streaming it past the sensing surface increased the mass transport effect, which in turn increased the total flux of the sensor. It was found that the flux of the sensor could be increased by using a nanoporous membrane. Thus, the sensitivity of sensors could be enhanced by incorporating nanoporous membranes into microfluidic-based biosensors.
Biomimetic nature of nanobiosensors
Nanomaterial structures enable spatial confinement. In support of this observation, there is a compelling argument in the realm of biophysical understanding of proteins and their structures. A crowded environment exists inside a cell structure, in which the cytoplasm is typically different from the dilute solutions generally used in in vitro studies of proteins, and there is a school of thought which states that this may significantly affect the behavior of proteins. The high concentration of proteins, nucleic acids, and complex sugars in cells have various energetic consequences and size constraints for smaller molecules; the effect of these bigger structures is known as "macromolecular crowding". 33, 34 The concentration of macromolecules is up to 400 g/L, meaning that 5%-40% of the total volume is physically occupied by these molecules. 35 An even larger fraction of the total volume is not available for molecules of similar sizes, as shown in Figure 3 .
How important is confinement?
The binding affinities and rates of self-assembly can change by orders of magnitude as a result of confinement. Crowding is therefore a very important factor when performing an in vitro study. To study cells and their mechanisms in vivo, techniques known as cryoelectron tomography and fluorescent tags are used. Evidence has been presented that the reaction rates in cytoplasm filled with large ensembles of macromolecules are very similar to the ones predicted by the molecular crowding theory. In short, what this means is that the biochemistry that would take place in a test tube is not exactly the same as that taking place in the body. Thus, it is imperative to use this idea in a device that measures the accurate concentration of proteins and other biomolecules, as it is measured from physiological fluids.
35,36
Protein folding and binding in confined spaces
Simple theoretical models presented by various groups to study and understand the essence of folding and binding of proteins in confined places was also taken into consideration during the conception of the device. [37] [38] [39] [40] Protein folding is the process by which the linear information contained in the amino acid sequence of a polypeptide gives rise to the well defined three-dimensional conformation of the functional protein. Because unfolded proteins can reach their native state spontaneously in vitro, it was assumed that folding (acquisition of the tertiary structure) Figure 3 illustration of the molecular crowding theory. Notes: Molecular crowding has been more accurately determined by some researchers as "the excluded volume effect" because of its most basic characteristic of preventing movement of molecules. To illustrate this, consider a solution containing randomly close-packed ball bearings, which occupy about 65% of the volume of the unit space, leaving about 35% by volume in the interstices between the ball bearings. even though this volume is empty, it is not possible to add even a single additional ball bearing of the same size. in other words, the volume available for the ball bearing has become zero, ie, total volume minus the excluded volume has effectively become zero (A). These spaces can be filled with smaller particles and this in itself would leave smaller gaps which can be filled with much smaller particles such as water molecules (B and C). 
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Nanobiosensors for diagnosis of disease and assembly (formation of protein oligomers) of newly synthesized polypeptides in vivo occurs essentially uncatalyzed and without the input of metabolic energy. This central idea has been revised in recent years after the discovery that correct folding of many proteins inside the cell depends on pre-existing protein machinery, known as molecular chaperones. 41 This enables a certain level of spatial confinement, providing the former with a "cage" structure and a confined volume. Crowding prevents self-assembly of partly folded polypeptide chains, which is characterized as aggregation in in vitro studies. 42 Confinement appears to stabilize proteins and accelerate their folding significantly, 43 and would slow down the unfolding of proteins which is known to cause denaturation of protein structures and loss of their functionality. [35] [36] [37] From the above discussion, it would seem useful to provide a very small confined area in which the proteins could be detected. To achieve this purpose, nanobiosensors comprising nanomaterial embedded on the surface of measurement electrodes have been designed for detecting disease biomarkers.
1-3
Parameters indicating nanobiosensor performance
During the development of nanobiosensor devices, each of these individual elements must be individually optimized; however, for the device to meet requirements, each of the elements must work in unison.
Selectivity refers to the response of the nanobiosensor only to the target biomolecules and not to other similar molecules. It is extremely unlikely that a readout method would be able to distinguish between various specific and nonspecific interactions.
In real-world blood samples, the target biomolecules are present in lower concentrations than those of nonspecific biomolecules. Certain trade-offs exist between selectivity and preparation of real-world samples to be made suitable for detection. The most daunting challenge in the field of biosensors is meeting the selectivity requirements when tested with complex real-world samples. The concept of nonspecific binding further complicates the task at hand. This refers to the nonspecific, nontarget biomolecules that attach themselves to the biological probes located on the transducer probe layer. These nonspecific molecules reduce the number of binding locations for the corresponding target biomolecules, not only preventing the binding event but also creating the possibility of a false-positive signal. To overcome this problem, blocking agents such as bovine serum albumin which nonspecifically adsorbs, is readsorbed onto the surface of the immobilized biomolecule and this prevents any further nonspecific binding reactions during the exposure to the complex real-world samples. 44 The limit of detection is the smallest or lowest amount of target biomolecule concentration that can be reliably detected by the nanobiosensor. This is the figure of merit of the sensor. The term "sensitivity of the nanobiosensor" could be used for some descriptions to refer to the same parameter.
The dose-response curve is the graph from which the limit of detection and range of concentrations that can be measured using the nanobiosensor are plotted. The doseresponse curve is also known as the calibration curve of the device. Reproducibility is another important parameter associated with the device which can be seen from the error bars on a graph. Dynamic range is the ratio of the largest measurable target concentration and the limit of detection. Nanobiosensors can also be used to quantify the presence of the target biomolecule rather than just detect it. The resolution of the nanobiosensor is the smallest detectable change in target biomolecule concentration that can be detected. Dynamic range and limit of detection are interrelated, and the design of binding agents could be used to alter one parameter while reducing other parameters.
Multiplexing refers to detection of multiple target biomolecules from a single biological sample. This is one of the most important requirements of a nanobiosensor, and could be achieved by localization of different biological probes at different regions of the nanobiosensor. The biggest issue with multiplex detection is the problem of cross-reactivity. A certain biological probe may react with more than one of the target molecules, or certain target molecules might foul the probes. Using creative design techniques and highly specific probe molecules, these reactions could be reduced, and improved multiplexed detection could be achieved.
From the above description of the performance parameters, it appears that the limitations of the nanobiosensor lie in the biological affinity probes rather than in the actual electrical detection mechanism. With improved understanding of the immobilization chemistry and minimizing nonspecific binding issues, the limits of detection using biological probes could be enhanced further.
Integration of nanotechnology into biochip assay formats
Nanotechnology on a chip is the new paradigm for designing diagnostic assays for diagnosis of disease. 25 The ability to achieve analytical quantification of chemical and biological 
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Prasad information in a rapid and relatively inexpensive way will impact molecular diagnostics and health care. Some examples of devices that incorporate nanotechnology-based biochips and microarrays are nanofluidic arrays and protein nanobiochips. These devices can be adapted for point-ofcare use.
One of the more promising uses of nanofluidic devices is isolation and analysis of individual biomolecules that have diagnostic relevance, such as DNA and protein detection. This capability could lead to new detection schemes for a number of chronic diseases. Nanofluidic technology is expected to have broad applications in systems biology, personalized medicine, detection of pathogens, drug development, and clinical research.
Protein microarrays for the study of protein function are not widely used, in part because of the challenges in producing proteins to spot on the arrays. Protein microarrays can be generated by printing complementary DNAs onto glass slides and then translating target proteins with mammalian reticulocyte lysate. 45 Epitope tags fused to the proteins allow them to be immobilized in situ. This procedure obviates the need to purify proteins, avoids protein stability problems during storage, and captures sufficient protein for functional studies.
Roadmap toward implementation of nanobiosensors for diagnosis of disease
Within the next decade, diagnostic devices based on nanotechnology will become available, and be able to perform thousands of measurements very rapidly and inexpensively. Future trends in diagnostics will continue in miniaturization of biochip technology to the nanoscale range. The most common clinical diagnostic application will be analysis of blood proteins. Blood in the systemic circulation reflects the state of health or disease of most organs. Therefore, detection of blood molecular fingerprints will provide a sensitive assessment of health and disease.
Molecular electronics and nanoscale chemical sensors will enable construction of microscopic sensors capable of detecting patterns of chemicals in a fluid. Information from a large number of such devices flowing passively in the bloodstream allows estimation of the properties of tiny chemical sources in a macroscopic tissue volume. Estimates of plausible device capabilities have been used to evaluate their performance for typical chemicals released into the blood by tissues in response to localized injury or infection. 46 These observations indicate that the devices can readily enable differentiation of a single cell-sized chemical source from the background chemical concentration in vivo, providing high-resolution sensing in both time and space. With the methods currently used for blood analysis, such a chemical source would be difficult to distinguish from background when diluted throughout the blood volume and withdrawn as a blood sample.
The trend will be to build diagnostic devices from the bottom up, starting with the most fundamental building blocks. Unless there are early successes that translate into large-volume sales and early adoption, the long range forecast for nanobiosensors in disease diagnosis is promising. A factor that may support the implementation of nanobiosensors is the trend of moving away from fluorescent labeling as miniaturization reduces the signal intensity, but there have been some improvements making fluorescent labeling methods viable with nanoparticles. Nanobiosensors will also facilitate the development of non-polymerase chain reaction diagnostic technologies. As a further refinement, nanotechnology can potentially be used for analysis of a single cell to enable a genetic diagnosis.
In the near future, use of nanodiagnostics could reduce waiting times for test results. For example, patients with contagious diseases could provide urine samples when they first arrive at the clinic, and the results could be ready by the time they see the physician. Patients could then be given a prescription immediately, reducing the length of time that the patient has to wait for results, thereby decreasing anxiety, improving compliance, and making the whole process less costly.
In the next decade, nanobiotechnology-based biosensors will play an important role not only in diagnosis but also in linking diagnosis with treatment and development of personalized medicine. Because of the integration and interrelationship of several technologies involved in nanodiagnostics, those who conduct these tests or devise new tests will be taking a more active part in decision-making in future health care systems.
Another important area of application will be cancer diagnostics. Methods for molecular diagnosis of cancer, including genetic profiling, are currently commercially available. However, by the time a cancer is detected by currently available methods, it is often too late for curative treatment. Nanobiosensors can offer ultrasensitivity in detection of biomarkers for cancer, which may be applied in the future for early detection as well as treatment of cancer. Nanodevices for this purpose are now in the feasibility stage. A nanodevice for use in both cancer diagnostics and 
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Nanobiosensors for diagnosis of disease therapeutics, known as a nanotheranostic device, could be implanted as a prophylactic measure in individuals who do not have any obvious manifestations of cancer, and cancer surveillance could be conducted by remote monitoring. Such monitoring could detect cancer at the earliest stages and enable appropriate therapeutic intervention. These monitoring devices should be biodegradable, and safety must be established before implantation. Such a surveillance system would be the ultimate in personalized prevention of cancer. Early detection would increase the chances of a cure. Such a device would have advantages over detection of biomarkers in specimens of body fluids, because such examinations can be performed only periodically and would be less accurate than analyses conducted continuously in vivo. 46 In conclusion, nanotechnologies promise to extend the limits of current molecular diagnostics and enable point-ofcare diagnosis, integration of diagnostics with therapeutics, and development of personalized medicine. The most important clinical applications of the currently available nanotechnology are in the areas of biomarker discovery, cancer diagnosis, and detection of infectious micro-organisms. Nanomedicine promises to play an important role in the future development of diagnostics and therapeutics.
The role of nanobiosensors is to continuously monitor biomarker concentration levels for active tracking and effective treatment of disease. It also needs to be a point-of-care device which in turn means simplistic human involvement towards detection. The best possible solution would be to be able to just drop the sample onto a sensing device and continuously monitor the concentration of biomarkers present in the sample.
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